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NACA RM No, L6L16
NATIONAL ATVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

EFFECTS OF COMPRESSIBILITY ON THE CHARACTERISTICS

OF FIVE AIRFOTLS
By Bernard N. Daley

SUMMARY

Presgsure~distribution tests were made for determination of the
effectes of compreesitility on the characteristics of the following
5-inch-chord airfoils: +the NACA 66,2-215, the NACA 66,2-015, and
the NACA 65(216)~L418 sections representin{., the 1ow—d.1&g sections;
the NACA 16-212 section, typlcal of the type designed for high
critical speeds; and the NACA 23015 section, one of the older
conventlional airfoils. Schlieren photographs of the air flow and.
limited data concerning the wake characteristicse were also obiained
for the conventionsl airfoil. Data are presented for an approximate
Mach number rangs from 0.3% to 0.75; the corresponding Reynolds
number range is from 700,000 to 1,800,000.

The results 1llustrate the general nature of the effests of
compressibllity on the flow. The schlleren photogrephs showed that
for constant moderate angles of attack pronounced geparaticn of the
flow occurred from only one surface of the HACA 23015 airfoil at
supercriticsl speeds. The data from the wake surveys shovwed that
this separation produced large variabtions with Mach number of the
location of the center of the weke. It was shown that the camber
of the wing section should be carefully selected to Insure high
values of the crltical speed of the wing section at any design
condition. The Mach mumber increment between the critical Mach
number and the Mach number of the normal-force bresk is shown to bs
clogely related to the location of the low-speed maximum negstive
pressure coefficient. At small angles of attack this increment was
approximately 0.13 for the NACA 23015 airfoll and 0.03 for the newer
type alrfoil eections. A shift in the anzle of zero 1ift was showm
to occur at high Mach numbers for all the newer cambered airfolls
tested. This shift is abiributed to flow separation and to the
decreaged influence of any disturbance on the oncoming stream. 4
poegitive trend for the chenge of pitchins moment coefficlent with
normal~-force cooffliclent was found for all the newer ailrfoils tested
with increasins Mach number, whersas the trend Tor the WACA 23015 air-
foll with increasing Mach number was nesative. .
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INTRODUCTION

Aa & consequence of the many uncertainties in the nature of
alr flow at high speeds, theoreticel considereiions of the effects
of compressibility on bodies have been limited In scope to several
baslc shapes and subcriticel Mach numbers. Experimental data are
being relied upon almost complestely to determine the mapnitude and
offect of shook phendmena. The need for experimentsl date therefore
is great. Referemces 1, 2, and 3 are representative of previous
- experimental data. Force measurements, wake-survey dste, pressure-~
distribution dlagrems, snd schlieren photoglﬁphs cbteined under aimiler
test canditions are preasented in reference 1. Theso data were
obtained fram older conventional airfoils and similar data arsc needed
for the newer low-draz and high-speed type ailzfoills.

The purpose of this investigation was 4o provide data to
1llustrate the effects of compressibility on 'the characteristics of
airfoils of the newer low-dreg tyve, the high«crltical-apeed tyve,
end. the older comventionel typo.

SYMBOIS
. - ,
o angle of atteck, degrees
Cn alrfoll soction nommel-force coefficient
cm /s . airfoll séction quaxrter-chord pitching-mcment coefficlent
o :
M stream Mach number
M,. . stream Mach mmber at which the locsl velocity of sound
1s attained
Ml'b . atream Mach number at which a raoild c‘n.nro Jin the normal-
: force characteristic originates
oM incre_ment in Mach number (Mlb - Mcr)
P, . - local statlc pressure
Py - strean static pressure

DZ - pﬂ‘
P pressure coefficlent -—'—a——-
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pressure coc*'ficient correslaonding to the locsgl veloclty

cr
.of sound .

Pmax maximum pressure coefficient
qa sltream dyrlémic preésure .
acmc/l[- . . - - -

: rate of change of moment coeffliclent with normal-force
5Gn coefficient
E)cmc/ 3
S rate of change of moment coefficlent with angle of attack
acn
S rate of change of no*‘ma,l-force coefficien‘t with a.ugle of

attack
APPARATUS AND METEODS

Tunnel.- A11 the tesits were mede In the Langley rectangular
high-speed tunnel. Thie tunnel is of the clased-throat, nonreturn,
induction type, which utilizes alr at hich pressure In an annulser
nozzle downstresm o6f the test section to induce an air flow through
the tunnel. The height of the test section is 10 inches and the
width 4 inches. TFor complete description of this type wind timnel
see Tigure 1 and reference 1.

Flexible steel walis U inches wide constitubte two of the
boundaries and heavy I'lxed steel plates form the other bourdaries.
Although the flexible walls permit an adjustment of the longltudinal
gtatic-preasure gradisnt of the twmel so that a Mach nuwber up to
approximately l.4t is possible, the flexible walle for the preseat
tegts were set to maintain a fairly unliform longitudinal static-
pressure gradient through the test sectian at any Mach number below

0.85 with tunnel empty.

The airfoll models campletely spanned the 4-inch dimension of
the tunnel and were supnoried by end plates in the fixed walle. This
arrangement eliminated sftrut interference and end-gap effects.
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Models .= The following alrfoll sections were uged in thie in-
vestlgation:

NACA 23015 en older conventlionel sectlion in wide use

NACA 16-212 one of a type desligned for high critical speeds

NACA 66,2-215 a low-drag type section for use in a pursuit
ailrplsne

NACA 66,2-015 & low-drag sectlon for possible use in a

pursult alrplsne

NACA 65(216)-418 a low-dreg section for possible use in a
bomher

Each model of 4-inch span and 5-inch chord was fitted with abomt
thirty-five 0.008-inch-diameter orifices disiributed over the surface
in a region within 1/k inch fram the semispan or center line of the
twmel. About 20 of these orifices were on the upner surface. In
order to. eliminate interference, all pressure leads were taken from
the ends of the model through the end pletes. .

Optical equipment.- A descriptiom of the optical setup for
obtaining schiileren photopraphs 18 presented in reference l. This
method of photography vtilizes the principle of change. in index
of refraction of alr with change in density. Shock waveg and other
similer disturbances are accompanied by & chanze in density at the
poeition of the disturbance and & corresponding llght or dark region
therefore appears on the photograph, When schlieren photographs
were taken, the slrfoil model was supported by means of dowels in
glass end plates. In this way, any interference to the air stream
or obatructions in the pholographic fleld were eliminated.

TESTS

Alrfoil sectlons were tested which are repiresentative of those
elther in use or considered for use. In thls group are included the
NACA 230-series, the NACA 16-series, and the NACA G-series type of
alrfoll. Profiles and ordlinates of these airfolls are presented in
filgure 2 end table 1, respectively. PFPressure-distribution tests
wore made on each of the 5-inch-chord models previously mentiomed .
Schlleren photographs were made of the NACA 23015 vioflle at super-
critical epeeds.
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All tests were made at comsbant angles of attack over the speed
range. The airfoll modsls were mounted with the guesrter-chord
location colnciding with the center of the end plate. The angle-
of -attack range was from -2 to 6°. The test results are presented
for a Mach number renge extending froam 0.3} to approximately 0.T5e

The Mach mmber was determined from the pressure measured at a .
calibrated statlo-pressure oxifice 51%- mcheé upstream of the lesding

edge of the model. The Reynolds mubers correspanding to this Mach
nunber range vary fram 700,000 to 1,800,000.

PRECISION

Constriction and choking.- Experimental data fram both the
Langley 2h=inch high-speed turmel (reference L) and the Isengley
rectangular high-speed tunnel Indicate the presence of tunnel-wall
constriction. The nature of this comatriction is best 1llustrated
at the cholked condition, the maximum speed of any model -turnel
combination. A% this choked conditlon the £ollowlng effects occur:
Tirst, the regtriction of the flow by the model has csused a higher
effective stream velocity than indlcatbed; second, the longitudinal
pregoure gradisnts along the flexible tumnel walis have heen alvered
greatly; third, for all airfoils opsrating at 11ft, the ratio of
the mass flow over the upper murface to that over the lower surface
has been chenged; end, fourth, an angle-of-attack change, necessitated
by the asymnetrical characteristlcs of the mssa flow, has been incurred.
Becavme of the serlously zltered flow condltions, the data at the
choking Mach number are of questionable value and have no known
significance in relatlon to alrplsne design.

At speeds between the critical snd choking conditions the
date are sublect to varisble ervors in Mach mumber, dynsmic prossure,
and angle of atteck. Messurements of the pressures along the Langley
2h~inch high-speed tunnel walls in the plens of symmotry of the model
(reference 4) were used to determine the langitudinel vslocity gradlent
over 8 chord length of the test sectlon opposite the model location.
The veloclty variation over this length wes approximetely 2 percemt
of the free=-stream Mach number at a Mach number of 0.03 below choking
condition. Limited data from the Langley ryechbengnlaxr high-speed
tunnel, which has a slightly smeller effactlve turmel height than the
Tangley 2k -inch high-speed tunnel, are in agreement with the results
of reference 4. Thie 2-percent gradient 18 not believed to affect
date seriously and therefore, the effects of conmstriction on data at
Mach numbers of more than 0.03 below choking conditions are not expected

L
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to be of great iImportance. The approximate magnitude of the
constriction effect, as shown in reference 4, appeors small at the
critical speed for low 1ift coefficiasnte and for rotios of model
thickness to tunnel height less than 0.03.

In this pane..:' the pressire diagra.ms a.nd. the d.a.ta showing the
variation of normal-force and moment coefficionts with Mach number
are presented for the camplete athtainable soeed vange; all cross-
plote incliude anly data at Mach nimbers up to 0.03 below choking -
condition. No comstriction correctiom hes been applied to the data. ~
The theoretically derived correctloms (roference 5%, however, based
on the assumption of small induced velocitles at subcritical Mach
numbers, should provido an indication of the mamltude of the tunnel -
wall effecta. The following relatione, determined by the msthod
of reference 5, are apnroximately correct et the subcritical speeds
for all airfolls tested:

Corrected M = 1.010 X Teat M
Corrected cp = 0.96 X Test ¢, Lo _ ‘

Carrected Omc/h = 0.003 + Test cmc/LL

Hwnidity. - Unpublished data from the La.ngf.lenr 2l ~inch high-speed
tumnel indicate that the aerodynamlc characteiisilca of an airfoil
et high Mach numbore may vary with the humidity of the alr at the
tunnel entrance. Ewdldity effects have been found to be minimirzed
by making &1l testa when the reletive mimidlty of atmospheric alr =%
the tunnel entrance 18 below 7O nercent. This vprocedure was followed
for the prement tests; therefore, these data are not expected to be
considserably affected by etmospheric humidity.

Test section Mach number pradients.~ At Mach numboers below a
value of 0.2 the lomgltudinal gradient verted not more thon 0.5 per-
cent of the indicated stream Mach number. Bolow e Mach number of 0.6,
crosg-tunnel. gredients over TH) percent of the tummel samiheizht,
were about 0.8 percent of the sitream Mach number. At & s*tromm Mech
number of 0.85 the crosa-tunnel gradient increased to *1.7 percent
of the stream Mach numbex.

Alr-gtream allnement.~ Inaccuracles in alinement of the model
with the air stream can Introduce e poseible error of 0.2° at tho 0°
setting of the model. Incremontal angle changes szould, howover, be -
within 0.1% of the angles indicated:

Tunnel -suoed callbration.- Tumnel ~spesd calibration can be checked -
to within 0.8 percent of free-stream Mech mmber tarough the Mach
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munber renge of 0.25 to 0.85. The effect of the model on the pressure
at the calibrated static plates is small, nover exceeding 1 percent.

Yeoloclty fluctuations.- At times short-period:fluctustions ef
the tumnel speed were noticed. These fluctuations were posslbly
assoclated with a chordwise oscillating motlon of the sheck wave
over the surface of the model. All measurements, however, were
taken under steady conditions. The manometer used for pressure-
distribution mesasurements le incapable of responding to rapid pressure
fluctuations and, therefore, pressure-distrlibution dlagrems cannot
be expected to correspond accurately to frue instanteneocus pressure in
the neighberhood of the shock wave.

RESULTS e

The results of the pressurs-~distribution teste are presented in
graphical form. The basic curves are plotted as nondimensionsl -
pressure coefflcient. P -againset percent-chord locatlon to show the
load distribution of the normal forces. The arda of this type of
curve is proportional to the normel-force cocefficient cy while the
distribution of the area determines the moment coefficient Cm, Ju

The normal-force and moment coefficients presented herein have been

obtained by integration of the pressure-distribution dlagrems. For

the engular range covered in these tests, no apprecieble difference

exists between the normal-force coefficient and Lift coefficlent or

between the moment cosfficient based on normal forces snd the moment
coefficient based on true 1ift camponents.

Schlieren photographs have been included for visualization of
the flow phencmena . Campreseian shocks are indicated by epproximately
straight lines, elther dark or light, generally extending perpendicularly
fran the surface of the airfoll model. The severity of the shock
cammot be compared between photographs because of the changes in
sensitlivity of the echlieren system. Flow peparation shown on these
photographs eppesrs the same way on low-speed smdre-flow photographs.
Tmperfections in the glase end plates, which appear in figures 31
end 32 as wavy lines extending from the edge of the photograph above
the upper surface toward the leading edge, should not be confused as
stream dlsturbances. ' -
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DISCUSSION

¢ Pressure Distributions and Schlieren Photogrephs

The chordwlse. pressure distributions of the models are
presented in figures 3 %o 30. Eaech figure showe the effect of
compressibility on the pressure dlstribution for a given angle of
attack «. The critical-pressure coefficient, the line lebeled P,
o each of the higher speed pressure-distribution disgrams, denotes
the pressure coefficient correspmding to the local veloclty of sound.

Subcritical .~ The pressure-distribubtian figures corresgponding to
subcritical speeds for the low angles of attack and small normal-
force coefficients show that increases in Mach mumber in the svberitical
range sre accompenied by increeses in the maximum negative pressure
coafficients. These increases are In agreement wlih theory and
previcue experimental work (reference 1).

A ccmpar:.scn of the pressure-distribution dlagrams for the
conventional and low-dreg types of airfoll (fige. I and 16) i1llustrates
the fundsmental difference between these sectlone. The locaticn of
the low-speed pesk-preseaure coefficient,; and, consequently, the
positian of early shock formation, sre considerably farther back on
the low-drag model es a result of the rearward location of the maximyum
thickness .

Supercritical .- Campresaion shock in the supercritical speed range
18 shown on the pressure-distribution diagrams by the camparatively
rapid compression which coccurs at some loeation rearward of the location
of the low-speed maximum negatlve-pressure coefficlent. The location
of this reglon of discontinulty moves rearward with Increasing Mach
nunber. A better understanding of the supercritical pressure diagrams
can be hed by comparing fignre 4 with the schlleren photographs of
flgure 31 which show the general casde of Bhock movement over a surface.
The conmolidation of the shock disturbances i the lower surface from
the incipient conditiaon at a Mach mumber of 0.742 {(fig. 31(b))} to a
single well-defined shock disturbance at a Mach number of 0.769
(fig. 31(c)) ie 2lao shown. Dissymmetry of flow over the upper and
loweyr surfaces as a result of attitude is evident In filgures 32 and T;
this dissymmetry 18 indicated In figure 3L o a losser degree es a
result of camber. These date agree with the results of reference 1.
Such movemente of shock waves cover the surfeace near the trailing edge,
and the subsequent preasure changes, suggest large changes in control-
surface characteristica.
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The supsrcritical flow photographs (figs. 31 to 33) show that
flow separation occurs from the surface having the higher induced
velocity and that separation Prom both surfaces is possible. The
location of the separation point also appears to be generally upstream
of the most rearward part of the shock formation at the high super-
critical Mach nuwbers. The vast majority of schlileren photographs
of various type airfolls teken in the Langley rectangular high-speed
tunnel are in agreement with these observations. High-speed schlieren
movies of the alr flow over models in the Langley rectanguler high-
speed tunnel at constant-streem Masch number have shown that rapid
oscillations of the shock wave, separatlion point, and seperated wake
also occur for many airfolls at some supercritical speed range
{reference 6). Flow separatlon or these oscillations could seriously
alter the characteristica of the main flow and would tend to reduce
any chordwlge-pressuré gredlents which may be present in flows at
supercritical speeds.

Effects of Mach Number on Wake

Figure 34 shows the varlation of the location of the.wske center
behind the WACA 23015 airfoil with normal-force coefficient using
Mach number and ansle of attack as paramsters. The Intersection of
the chord lins of the model at 0 angle of attack with the survey
plane 0.5 chord downgtream of the trailing edge fixes the reference
iine. The locablion of the center of wake (location of maximum total-
Pressure 1035} below this reference line determines the wake center
location shown.in figure 34. The change in the location of the wake
center in these two-dimensional tests is considered an Indication
of possible flow direction chenge.

Subcritical .- A decreasse in weke-center displacement for any
constant positive normal-force coefflclent 1s meen to occur as Mach
number 1s increased. Most of the Indicated difference betwsen the
curves at subcritical epesds Is the direct result of changing the
angle of attack as the reference line remasined fixed; therefore, no
change in down-flow angle at constent angle of attack is inferred.
Theoretical studles (reference 7) indicate that the Pield of influence
of the model in the subcritical speed range increased with Mach number
at the same rate as given for the 1ift coefficient in reference 8.

At a constent angle of abtack, therefore, compressibility should have
little or no effect on the angle of down flow at subcrlitical speeds.

Supercritical.- At supercriticel speeds there is a definite
Indication that large changes In downflow may be expected. In
figures 3, 33, and 34, as well as 4, 31, and 34, are presented com-
parative data for low-11ft conditiona of the NACA 23015 airfoil. Shock
location ag determined by the schlieren photographs ls comparable with
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that shown on the pressure-distribution diagrams, Only emall
differences In flow conditions for the upper and lower surfaces

can be noticed from the photographe. The weke-center locatlon at

low 1ift coefficients at any Mach numbey, consequently, does not

vary apprecisbly from that at low speeds. Om the other hand, at

high 1ift conditions, pressure distributlone (fig. ) indicata and
the schlieren photographe (fig. 32) reveal & large separated reglon
over the upper surface which results in a large change in wske-center
location with Mach number (fig. 34). In this speed range, therefors,
the unsymmetrical nature of the accompanying viclent separetion of
flow appears to be the factor which controls the weke-center location.
Theae data indicate that the present theoretical estimations of down-
wesh are probably inaccurate at supercriticel speeds as a result of
separation. These data also indicate the.possibility of radicel
changes in alrplane longitudinal trim characteristics at supercritical
speeds.

Prediction of Pressurs Coefficlenta

For comparative purposes the sexperimentsal varilation with Mach
number of the peak negative pressure coefficlent is plotted on.
figure 35 with the pregsure-coefficient wvariation predicted by two
theoretical methods (references 8 and 9). The value of pressure
coefficients used in thim figure are the maximum negative pressure
coefficienta attained over a surface wlthout regard of chordwlse
location. -

The Glauert approximation, reference §, is the simplest
corrvection to apply. The approximation worked cut by Kaplan,
reference 9, 1s more exact then that by Glauvert and is of approxi-
mately the seme magnitude as that obtalned by wvon Karman from the
hodograph method (reference 10). As a gemeral rule, the Glauert
approximation tends to underestimaste the changes, and 1t appears
from ficgure 35 that better resulte for an average value of the pedak
negative-pressurs coefficient could be obtained by use of Kaplen's
approximation.

Critical Mach Number

Since the critical Mach number 18 a criterion for determining
the speed at which changes in the character of the flow ara to be
expectied, the critical Mach number ip of great importance in the
selection of a wing section. For high-speed operation at low drag:
coefficlent the critical speed of an airfoll sectian, or any body,
ghould not be excesded.
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The variation of the critical Mach number with normal-~force
coefficient 1s presented for each airfoll.in Figure 36. It is
evident that, regardless of thickness, the NACA 23015 airfoll has
a lower critical speed than any of the other alrfolls. The forward
location of maximum thickness and cember on this alrfoll produce
high pressure pesks at relatively lcw 1ifts and, therefore, Lower
critical speeds are to be expected. Both the NAGA 23015 and the
NACA 65(216)-418 secticns have & very large range of normal-force
coefficient where the criticsl Mach number is 8lowly d.ecreasing

Three effects of an increa.se in cember a.re illustrefed by .a
comparison of the curves of the NACA 66,2-015 and NACA 66,2-215 -
airfolls: a decrease of the critical Mach number which is in agree-
ment with the resultis of reference 11; a.shlft. of the range of high
critical Mech number to hlgher normel-force coefficients; 3 and,
8light inoreasge in the normal-force ccefficlent range for I';igh_
critical Mach number. The latter effect is probably caused by &
‘reductlion of the pressure peek at high Mach number on ’che leading
edge for the cembered section {figs. 18 and 22). THese results |
iIndicate that the effects of ccm_pressi'bility should be ca.refully
consia.ered. in. d.etevmining the ca.mber of s v’...ng Tor high-speed. s.ircra.ft.

Norma,l'Force _ _ .

The va.riatim wi'th Lach nu:nfber of the normal-force coefficient
for each airfoil at all angles of attack tested 1s ;presen'bed in :
flgures 37 to Lki. The critical Mach. num:ber Moy, for' each angle is
indicated by the dashed curve. .. . - .

A general increase in the slope of these curves (figs, 37 to 1{-l)

wlth increasing Mach number or sngle of attack ig aspparent in the
Mach number range below the peak normal-force coefflclent. AL sub-
critical speeds, this increase in slope. with Mesch mmber Ffor each
of the esirfolls teasted follows the gemeral. trend predicted by theory
(see fig. 37 and reference &) and shown by experiment (references 1, 2,
and 3). A% supercritical speeds the: development and rearward motlion
of the campression shock over one surface, while the velocities over
the opposite surface are still subsonic (see fig. 13) tend to cause
the increase In slope with Mach number. The rapid decrease in the
normal forces at. -the highest Mach nuwbere (fizs. 37 to 41) probably
results frdm two ceuses: first, flow separvation from the uppexr
surface which has been eggravated by the -Influnence of the shock wave;
and, second, the more rapidly increasing negatlve pressures correw

spanding to local supersonic velocities near the tralling e on the
lovwer surface where the flow is less.inclined to separate. Curves
for data within 0.03 of choking Mech number are dotted on these figures.)
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An increase in the angle of attack generally increases the
ebaolute pressure difference between the upper and lower surfaces,
moves the location of the maximum negative pressures rearward over
the lower surface and forward over the upper surface, and decreases
the critical speed of the upper surface (figs. 3 to 30). The result
of these changes is an increase in the slope of the curves at the
higher angles of attack {figs. 37 to 41) in the speed range below
the region of decreasing normal-force coafficlents.

Normal -force coefficlent dataéare plotted against angle of attack
c
on figures 42 to 46. The slopes S;? of these curves continue to

increase up to that Mach number where the normal forces of .figures 37
to 41 decreesse rapidly; this behavior is expected from the preceding
discussion. The variation in normal-force curve slope with Mach
number for the airfoils investigated is summarized in figure 7. A
comparison of the slopea for the conventlonal and low-drag-type air-
folle shows no marked differences. Thse NACA 23015 alrfoll and the
NACA 16-212 alrfoil have more gradusl varietions of normel-force
curve slope. with Msch number than the other alrfoils; this fact
Indlicates that these alrfoils should produce less chanse in airplane
longltudinal trim as a result of 1ift changes. The NACA 16-seriss
eirfoll, however, hes a low normal-force curve elope; tests in the
Langley 8-foot high-spsed tumnel have also indicatod a low lift-curve
slope of the NACA 16-212 airfoil.

The normal-force-coefficlent data for the NACA 23015 airfoll at
the higher englee of attack, figure 37, do not Inoreasse as expected.
At supercritical veloclties violent separation occurs well forward
on the chord and restricte any decreasse in pressure over the rear
portion of the upper surface. The megnitule of the negative pressure
peak near the leading edge which produces a large portion of the
normal force at low speeds 1s also decreased considerably with
increasing Mach number. ' :

Delay of normal-force break.- The increment AM between the
eritical Mach number.and the Mach number at which a rapid chanre in
the nomal-~force characteristic (force break) orisinates NHb 1s

presented in figure 48. At low ansles of attack. a Mach number increment
from 0.03 to 0.0k 1s shown for all the newer airfolls; the conventional
NACA 23015 alrfoll exhiblts a Mach number increment of &bout 0.13 at
these low anrles. As the angle of attack is increased to approximately
L9, however, the Mach number increment for the newer models of 0.15
thickness ratic or less rapidly avwnrcechea the value for the conventional
airfoil which has remained almost conetant. At an anrle of attack of

4° pressurs dlstridbutions at suvbcritical speeds for the newer airfoils

A
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(figs. 12, 18, and 22) approach the general shepe of the pressure
distributions for the NACA 23015 airfoil (figs. I to 6); that is, the
meximm preassure coefficlent is located well forward at low speeds
and a considersble respward latituds of shock motion is thereby
allowed. As the critical speed is exceeded and the shock wave moves
rearward, pressures corresponding to supersonic speede are thus
maintained over an increasingly large part of the upper surface. A .
considerable Mach number fange with relatively regular variation of
1lift is then possible.

At an angle of atitmck of 6° for the NACA 23015 airfoil the f£low
has been changed by prémounced separation and oblique shock waves
(fig. 32); the pressuye distribution (fig. 7) end the delay of the
force break (fig. 48) are therefore affected. An angle of attack of
L9 was not sufficient ko cnsnge the basic shape of the pressure
distribution for the thioker NACA 65(216)-418 airfoil (fig.29); at 6°,
however, the familar peak due to angle of attack is evident (fig. 30)
and a considersbly increased delay of the force brsak (fig. 48) is
apperent. From a consgideration of these data, the increment between
the criticel and the Mach number for normal-force break therefore
appears clogely related to the location of the maxlimmum negative
pressure coefficlent.

Al though conclusions concerning the optimum profile of an &irfoll
cannot be drawn from these data, 1t is Indicated that estimates of
alrfoll section characteristics at supercritical speeds based on the
critical Mach number must be qualified somewhat when working with -
sections of various types. In ordsr to obtain desirable control
characteristics at spesds in excess of the highest critical Mach number
possible by the.use of any practicable airfoll, it may be advisable
to select. that airfoil having the normal-force break at the higheat
Mach number poeslble aven though its critical Mach number may be some-
what lower than that of other sections. ' '

Shift of zero 1ift asngle.- For the NACA 16-212 ailrfoil (fig. 38)
all normal-force curves in the higher Mach muber range, including
those at negative angles of attack, tend to slope in a negative directiom.
The pressure-distribution disgrams for the WACA 16-212 airfoil at angles
of attack from -4° to 0° (figs. 8, 9, and 10) show that the negative
loading near the leading edge increases repidly with Mach number. The
resulting drop in normal force with Mach number for all angular con-
figurations indicates an Increase in the angle of attack for zero 1lift
as the Mach number is increased. This angular shift or decreass in
the effective camber of the section (which can contribute to catastro-
phic diving tendencies) is clearly illustrated for several airfoils
in figures 43, 4&, end h6. This angular shift can be caused by one or
both of the following factors, increased flow separation or the decreased
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influence of the model on the apprcaching flow as the Mach numbex

is Iincreased. Flow separation directly affects the pressures over

the rear of the model; alsc as the Mach number is increased to

values approaching and beyond the critical,. tbe preasure impulses

from the various parts of the body encounter increased difficulty in
progressing upstream from their origina. As a result of these effecta,
the oncoming alr 1g not affected as far anead of the model or aa
greatly at these speeds as at low speeds and the wnole character of
the flcw field 18 tranaformed.

The NACA 23015 airfoil (fig. 42) is the only cambered alr!..il
tested which does not present this angular shift. Inspsction of
the pressure-distribution diagrams Por. this .model (figa. 3 and k)
reveals & marked similarity of the pressure distribution over the
upper and lower surfaces nesar zerc lift; therefore, an apgreeieble
shift in the angle of zero 1lift is not expected.

Quarter-Chord Moment

The basic data fcr the moment coefficient, obtalned by intergration
of the normal-force pressurs-distribution diagrams, ars presentad in
figures 49 to 53. The arrows indicate the critical Mach number for
each angle of attack. A comparison of these figures indicates com-
paratively low values of moment coefficient for both the
NACA 23015 alrfoil, and the NACA 66,2-015 airfoil.

From the results of reference 1l for a thickness ratio of 0¢.15, a
negative shift of 0.05 in moment ccefficlent occurs at medium speeds
for a camber increaae of approximately 1 percent. The difference in
moment coefficients for the NACA 66,7-015 =nd tne NACA 66,2-715 alrfolls
(for which e camber difference of ellgh+ly over 1 pcrcent exlsts) is
indicated at low angles of attack by figures 51 and 52 ta be in good
agreement with the results -of reference 1l.

The varlation of momeat coefficient with normal-force coefficlent
is shewn in figures 42 to 46. The rates of change of the momen' and
normal-force coefficlents with angle of attack are plotted agalnst
Mach number on Tigures 47 and 54. Data from figures 47 and 54 were
combined to show the rate of change of moment coefficlent with normal-~

dc
Mg .
force coefficient So /% at several Mach numbers. Pclnts, calculated
Cn

by this method, as well as the actusl slopes of the curves on figures 42
to h6 were used to determine the curves on figure 55. The slopes of
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3 dc.
cm-c/L; B/l

0r —~——— shovld no% beccome more negati'\g

the moment curves
Bcn
at high Mach numbers. A pceitive trend of the slole of the moment
curve (fig. 55) (corrvesponding to = decrease in stability), is
desired since alrplanes have exhlbilted greatly Increaged siability
at high speeds (reforence 12). All of the newer airfoils tested had

chc/ 3

a positive trend of at the higker Mach numbera; the con-

n _
ventional NACA 23015 airfoll hed a negative trend.
CONCLUBIONS

The results of the testsz of the five alrfolls considered herein
have shown that:

1. For constant modeiate normnl-force coeficients, pronounced
peparation of the flow cccurred fram only one surface of the
NACA 23015 alrfoil at supercriticel speeds. This sBeparation produced
large variastions with Mach number of the location of the center of
the weke. '

2. The camher of the wing section should he carefully selected
to insure high velues of the critical spesd of the wing section at
any design candltion.

3. The Mach number increment between tiie critical speed and the
Mach number of the normal-force break, which affectas control character-
istice at supercritical speeds, appesrs to be clogely related to the
location of the low-gpeed maximm negative-pressie coefrficient. At
lew angles of attack, this incrsment was approxddmately 0.13 Tor the
NACA 23015 airfoll and spproximabtely 0.03 for the newer btype alrfoil
sections.

bk, A shift in the angle of zero 1Lift occurred at high Mach numbers
for all the newer cambered airfoils tested. Tale slLift wes attributed
te flew separation and to the dscreased Influence of any disturbence
on the oncoming streem.

5+ Bince airplanes have ezhibited grestly Incireasged stability
at high speeds, the positive trend for the chanre of pitching moment
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coefficlent with normrl-Torce coefficlent found for a8ll tiie newsr
airfolls tested with increasing Mach number is desirable; the trend
for the NACA 23015 alyfoll with incrsasing Mach muber was nesative.

Langley Memorinl Aeronpaticeal Taboratory
Netional Advieory Commdttee for Aeronsutics
TLangley Field, Va. o
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TARIE I.- (RDIMATES OF ATFFOILS
[Sta.'bim-mﬂo:d.imtes inpmentofmahord.]

HACA 23015 FACH, 16-212 HACA 66,2-215
Statlom | Upper Lower Upper swrfnce Lower purface Upper eurface Lower surface
snface | murfacs
Statdon | Ordinate | Station | Ordinate Siation | Ordinate | Station | Crdinate
0 --- 0
1.25 3.34 =154 0 0 0 0 o 0 0 )
2-50 ll'-ulv -2 025 -2-\1 -gm 359 "n&)a '1'07 1'156 '593 '1 -056
500 5.8 -3.04 52T 977 673 -.8% 7 1.%25 853 -1.2%5
7 -50 6.% '3 -6]- 1 nl&’ 11396 10311-0 =1 -l&. 10136 l- B 1-3& -1 153l|'
10.00 7.6k 4.0 2.355 1.988 24 -1.616 2.370 2.4 2.630 -2.039
15.00 8,52 A6 1.883 | e.be2 5.7 -£.160 %856 3.399 5,144 2767
£0.00 B.92 =541 7379 3454 7621, 2.606 7-350 h.178 7.650 =3.330
25 .00 9.08 -8,78 9.% 3972 10121 2.938 9.8.8 h.O51 m.ﬁ -3.817
000 | 9.05. %196 4, b.8oh 15.11k -3.h58 b5 | 5.926 5. k.58
%0.00 8.55 -,.92 19.6807 5.459 20,103 -3.887 Jz.i&SB 6.759 20,130 ~5,167
50 .00 7-7h =530 gh.911 5.9@ 25.089 4.8 +886 7410 25.11% -5.620
60 .00 6.81 & 25.927 6.3 30.073 kLS 3.906 ggoh 30.0% 5 .960
70,00 5.25 -3.91 .okl 6.703 35.056 .63 979 260 35.071 -6,800
00 3.73 2. ﬁ'g& 6.926 45.038 +&.7th Eg.gﬁe 8.486 ho ,048 -6:2;:
90,00 .04 r1.59 5L 7099 45.009 =% .86 IT6 8.500 L5 .024 -&
95 .00 1.2 =90 50 .00 7.103 50,000 %857 50.000 8.563 50 000 %357
me | | e e 22 1% 28 B 3% | 3%
LE. redius; 2.%8. Blope of 65:_055 gﬁﬁ 2;;3 ig %i? 7.;23 ﬁh.ggﬁ Egg
of raline throngh LE. 0.305 TOLTL - . . . . .
' . -3+ 5546 913 -3.
Em iﬁ ; ﬁﬂ'ﬁ -3 E.oao h.L1Y 79.920 .Q.ES
& h,113 905 | -R.767 Ba70 | 3.27 &.93 | -1.8n
0088 | 3.0% 8.2 -1,998 90052 2,00k &.948 -.970
g2.0 | e.5h 91.918 .65 654026 815 .Gk =243
91;.% 2.010 59233 -}.:597 100,000 0 100.000 0
o 19 =
356.059 1437 om,gh1 =.503 L.Bs redius: 1.38i. Blcope of radius
68.0k1 . 97.959 - 504 Ahrongh LE.: 0.08%
lm-(m 11@ MIM --lﬂ)
LE. radfus: 0.703. Sicpe of radius S
through L.E.; 0.00
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TABIR I.- ORDINATES (F ATRFOIIS -~ Concluded

[S'ha.ticns and ordinetes In percent of wing chord.]

HACA 66,2-015"

Station Upper or lower
surface ordinate
0 o
«500 1.110
<750 1.329
1.250 1.645
2.500 2.229
5.000 3.086
T «500 3.757
10.000 L.337
15.000 5 .255
20 .000 5 .
25,000 6.516
30.000 6.933
35 -000 7 0230
40 .000 T.515
145.000 7495
50 .000 T 460
55 000 T.29%
60 .000 6.961
65.000 6.405
T0.000 5.597
75.000 L.652
80.000 3.616
85.000 * 2.545
§0.000 1.488
9%5.000 560
100.000 o}
LX. redius: 1.38:

NACA 65(216) 418
Tpper surface Lowexr surface
Statlon Ordinate Station Ordinate
o o] 0 o
275 1.k33 725 -1.233
!5oll> 1-72 .996 '1-“"2
«972 2.216 :L.g_? -1.788
2.173 3.173 2. -2.429
k.628 %.602 54372 =3.337
Te113 5.68 7.887 -3.993
9.611 6.593 10.389 -l 525
1%.630 8.039 15370 -5 .347
19.668 .12k 20.332 5540
2. 715 9.5k 25,285 ~6.36h
29,768 10.542 30.232 -6.65%
3k.8e5 10.937 3575 -6.817
39 ..88: 11.135 40116 =6.851
4% .oh3 31.120 h5.057 -6.7h0
50 4000 10.837 50000 -6.h25
1 5o 10.272 5k.oL8 -5.892
60054 9.448 594906 -5.16k
aes 8.n2 61875 -h.292
70 143 T2k 69.857 -3.356
75ah7 - 5.992 Th553 -2.512
80137 k.693 79.863 =1.509
8.113 3.397 &4..887 ~-695
90.077 2.136 894923 -.068
95.036 1.013 ok .96k +.250
100000 o 100,000 o
L. redius: 1.960. Slope of radims through
L3E.: 0.168
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NACA RM No. L6L18 Fig. 18
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Fig. 17 NACA RM No. L6L186
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Fig. 19 NACA RM No., L8116
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Fig. 21 NACA RM No. L8L16
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Fig. 23 NACA RM No. L6L18
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NACA RM No. L6L16 . Fig, 24
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Fig. 25 NACA RM No. L6L16
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Fig. 29 NACA RM No. L6L186
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NACA RM No. LEL16

(b) M = 0.742.

(d) M = 0.774. (e} M = 0.780 (choked).

Figure 3l,~ Schlieren photographs of the NACA 23015 airfoil, a= Oo.
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NACA RM No. L8116

(¢) M = 0.756.

Figure 32.- Schlieren photographs of the NACA 23015 airfoil. a= 8°.
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(3.) M= 0'752.
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Fig. 35 NACA RM No. L8L16
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Fig, 37 NACA RM No. L68L18
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NACA RM No, L6L16 Fig, 38
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Fig. 39 NACA RM No. L6L16
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Fig. 41 NACA RM No. L6L16
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NACA RM No. L6L16 : Fig. 42
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Fig. 43
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NACA RM No. L6L16 . Fig. 44
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Fig. 45 NACA RM No, L6L18
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NACA RM No. L6L186 Fig. 46
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